Lymph-borne, soluble factors (e.g., chemokines and others) influence lymphocyte recirculation and endothelial phenotype at high endothelial venules (HEVs) in lymph node cortex. Yet the route lymph-borne soluble molecules travel from the subcapsular sinus to the HEVs is unclear. Therefore, we injected subcutaneously into mice and rats a wide variety of fluorophore-labeled, soluble molecules and examined their distribution in the draining lymph nodes. Rather than percolating throughout the draining lymph node, all molecules, including microbial lipopolysaccharide, were very visible in the subcapsular and medullary sinuses but were largely excluded from the cortical lymphocyte microenvironments. Exclusion prevailed even during the acute lymph node enlargement accompanying viral infection. However, low molecular mass (MW) molecules, including chemokines, did gain entry into the cortex, but in a very defined manner. Low MW, fluorophore-labeled molecules highlighted the subcapsular sinus, the reticular fibers, and the abluminal and luminal surfaces of the associated HEVs. These low MW molecules were in the fibers of the reticular network, a meshwork of collagen fibers ensheathed by fibroblastic reticular cells that connects the subcapsular sinus floor and the HEVs by intertwining with their basement membranes. Thus, low MW, lymph-borne molecules, including chemokines, traveled rapidly from the subcapsular sinus to the HEVs using the reticular network as a conduit.
Introduction
Determining how elements of the immune system come together and interact in lymphoid tissues is important to understanding the immune response and its dysregulation. Much progress has been made in ascertaining the cellular and molecular events of lymphocyte homing and recirculation, and APC-lymphocyte interactions. However, although the anatomy of the lymphoid tissues in which these processes occur is well documented, the roles lymphoid structures play in the orchestration of immune responses remain to be fully understood.
Lymphocytes recirculate through the body via the bloodstream to lymphoid tissue, such as lymph nodes, where they search for their respective antigens, then return to the bloodstream via efferent lymphatics and the thoracic duct (1) . Lymphocytes enter the cortex of the lymph node by adhering to and migrating across specialized postcapillary venules called high endothelial venules (HEVs), 1 found in the T cell-dependent area of the cortex. This process occurs by an adhesion cascade which includes: (a) rolling of the lymphocyte on the luminal surface of an HEV, (b) the presence of a chemokine bound to the endothelial glycocalyx on the HEV luminal surface triggering the activation of the integrins on the surface of the lymphocyte, (c) which allow a firm adherence of the lymphocyte to the endothelium, and finally, (d) migration of the lymphocyte through the wall of the HEV into the lymph node parenchyma (2, 3) .
Our studies stemmed from a paradox in chemokine distribution: the presence of macrophage inflammatory protein (MIP)-1 ␤ on the luminal surface of HEVs in the cortex of a reactive lymph node (4) . The presence of a T cell chemotactic agent on the surface of HEVs is consistent with a role as an inducer of lymphocyte-endothelial interactions. However, MIP-1 ␤ is not normally expressed by endothelium (5) (6) (7) . Interestingly, several studies suggest that the chemokine need not be synthesized locally in the lymph node but rather may be lymph borne. The subcutaneous injection of the chemokine, secondary lymphoid tissue chemoattractant (SLC), into SLC-deficient mice results in a detectable accumulation of SLC and adherent lymphocytes on the luminal surface of HEVs in the draining lymph node (8) . Increased lymphocyte emigration from HEVs into the cortex of the draining lymph node occurs within 3 min after a T cell-attracting concentration of IL-8 is injected into the footpad (9) . On the other hand, if afferent lymphatics are ligated, the endothelium of HEVs flattens, loses expression of L-selectin addressin, and there is a drastic reduction in the number of lymphocytes emigrating into the lymph node (10) (11) (12) (13) . Clearly, lymph-borne material from draining tissues, which may include chemokines, not only reaches the HEVs in lymph nodes but may play an important role in maintenance of high endothelial morphology and lymphocyte migration from HEV into lymph node cortex.
Previous studies have suggested that afferent lymphborne material enters the subcapsular sinus and percolates throughout the lymph node. This would suggest that draining lymph diffuses through the lymph node parenchyma to the HEVs. Nordmann (14) suggested that lymph travels through the lymph node via the subcapsular and medullary sinuses, but a small portion of lymph crosses into the cortical parenchyma where it eventually finds its way into the medullary sinus. Carbon and iron particles and bacterial components are present in the sinuses as well as the cortical parenchyma beneath the subcapsular sinus after intralymphatic administration (14) (15) (16) (17) (18) (19) . However, it should be noted that other studies demonstrate exclusion of the bulk of carbon particles from the parenchyma of the cortex (20) (21) (22) . Structural studies of the lymph node sinus walls add additional evidence for the accessibility of the lymph node cortex by lymph. The wall of the subcapsular sinus that is next to the parenchyma is composed of a layer of sinus endothelial cells separated from a layer of fibroblastic reticular cells that face the parenchyma by basement membrane and extracellular matrix (23) . The integrity of the floor of the subcapsular sinus is a subject of conflicting reports. Ultrastructural studies demonstrate gaps (0.1-1 m) or pores in the floor of the subcapsular sinus by electron microscopy (23) (24) (25) (26) . An additional study argues against the evidence of gaps in the floor of the subcapsular sinus (27) . Thus, despite the putative existence of pores in the floor of the subcapsular sinus, there is evidence that penetration of particulate material from lymph into lymph node cortex is attenuated.
Movement of lymph-borne, soluble material into the cortex may be governed by different rules than particulate material. Two intriguing studies demonstrate that although lymph-borne, soluble molecules filling the sinuses cross into the cortex, they do not appear to move freely through the cortical parenchyma of rat lymph nodes. Rather, they preferentially associate with the reticular network, as well as highlighting the HEVs (22, 28) . The reticular network is the infrastructure of the lymph node. It is a meshwork of collagen fibers that extend from the capsule throughout the node, suspending blood vessels and sinuses. Interestingly, the reticular network connects the floor of the subcapsular sinus to HEVs by interweaving its collagen fibers with the collagen fibers in both the extracellular matrix of the sinus endothelium and the basement membranes of the HEVs (23, 29) . These reticular fibers are ensheathed by fibroblastic reticular cells (23, 30) , thus creating an extracellular space that is separate from the space that surrounds the lymphocytes (23) . Not only could the reticular network act as a conduit for the movement of soluble, lymph-borne material from the subcapsular sinus to the HEV, but the restriction of soluble material to the "conduit" would also protect the milieu of the lymphocyte microenvironments (22, 23, 28, (31) (32) (33) (34) .
Given the importance of biological mediators in regulating lymphocyte migration and responses, it is essential to understand the rules of distribution of lymph-borne, soluble molecules, such as chemokines, through the cortex and to the HEVs. Consequently, we have systematically analyzed distribution of a diverse group of fluorophorelabeled, soluble molecules in rat and mouse lymph nodes following subcutaneous injection. In these studies, fluorophore-labeled molecules, draining into the lymph node from the afferent lymphatic vessel, filled the subcapsular and medullary sinuses. The majority of molecules examined were largely excluded from the cortical parenchyma. Instead, low molecular mass (MW) molecules, including chemokines, moved from the subcapsular sinus to the HEVs via the reticular network. Rather than a generalized percolation of soluble lymph-borne molecules throughout the parenchyma of the lymph node, these studies demonstrated a compartmentalization of soluble materials within the T cell-dependent areas of lymph nodes.
Materials and Methods

Soluble Molecules
All soluble molecules used in these experiments were diluted in sterile PBS unless otherwise noted. All subcutaneous injections were 20 l per site.
Reagents, the concentrations used, and their sources are as follows: acridine orange, hen egg lysozyme (HEL), LPS-FITC ( Escherichia coli , serotype 055:B5), and horseradish peroxidase (HRP; type VI-A) were from Sigma-Aldrich. HEL-FITC was a gift of Caetano Reis e Sousa (National Institute of Allergy and Infectious Diseases). Acridine orange, HEL-FITC, LPS-FITC, and HRP were used at 5, 7.5, 5, and 10 mg/ml, respectively. OVA-FITC was obtained from Molecular Probes and used at 100 g/ ml. Lysine-fixable, fluorophore-conjugated dextrans were obtained from Molecular Probes and were injected at 5 mg/ml. Both Texas red-labeled, lysine-fixable dextrans (3, 10, 70, and 2,000 kD) and fluorescein-labeled, lysine-fixable, anionic dextrans (3, 10, 40, 70, 500, and 2,000 kD) were used. Lysine-fixable dextrans have covalently bound lysine residues, which covalently bind to the immediately surrounding tissue upon aldehyde fixation. These modified dextrans were used after preliminary studies showed that, despite aldehyde fixation, generic fluorophorelabeled dextrans washed out of tissue sections during slide preparation for microscopy. Anti-mouse MHC class I-FITC (clone AF6-88.5; BD PharMingen) and mouse anti-human CD3-FITC (Becton Dickinson) were injected at 50 and 100 g/ml, respectively. Cy-Chrome-labeled anti-mouse CD45R/B220 was applied topically to sections on slides at 0.5 g/ml. FITC-labeled lectins (Vector Laboratories) wheat germ agglutinin (WGA), lens culinaris agglutinin (LCA), or pisum sativum agglutinin (PSA) were injected at 100 g/ml and applied topically to sections on slides at 20 g/ml. Fluorophore-labeled regulated upon activation, normal T cell expressed and secreted (RANTES), MIP-1 ␣ , and IL-8 (FITC, Cy5) were prepared as described (35) . Lyophilized chemokine (10 g) was dissolved in sterile water (90 l), then diluted with 10 l of sterile 10 ϫ PBS.
Animals, Animal Preparation, and Injection of Soluble Molecules
All animals were kept in pathogen-free facilities and treated according to National Institutes of Health guidelines .
Dextran and HRP Distribution Studies in Rat Mesenteric Lymph Nodes. Sprague Dawley and Wistar rats (250-400 g; Charles River Laboratories) were anesthetized intramuscularly with sodium pentobarbital (25 mg/kg; Abbott Laboratories) and ketamine HCl (30 mg/kg; Fort Dodge). A midline abdominal incision opened the peritoneal cavity. The caecum and a few loops of the ileum were exteriorized onto a lucite stage using sterile applicators and superfused with bicarbonate-buffered saline. The saline was kept at 37 Њ C and equilibrated with 5% CO 2 in N 2 to a pH of 7.4. Each Peyer's patch was injected with 0.01-0.02 ml of HRPor fluorophore-labeled dextrans using a 28-gauge needle on a 0.5-ml disposable insulin syringe that has 0.01-ml increments (U-100; Becton Dickinson). Mesenteric lymph nodes were excised between 3 and 30 min and immersion fixed. For transmission electron microscopy (TEM) studies of HRP distribution in lymph nodes, HRP was directly injected intralymphatically and the mesenteric lymph nodes of Wistar rats were prepared for electron microscopy as described by Anderson and Anderson (22) .
Dextran, Tracer, Protein, Antibody, and Chemokine Distribution in Peripheral Lymph Nodes. Normal female C57BL/6 mice (National Cancer Institute Animal Production Area) or Sprague Dawley or Wistar rats were anesthetized intraperitoneally with sodium pentobarbital (25 mg/kg; Abbott Laboratories) and ketamine HCl (30 mg/kg; Fort Dodge). Each footpad and lip was injected, subcutaneously, with 0.01-0.02 ml of a soluble molecule solution using the disposable syringes (Becton Dickinson) described above. Draining lymph nodes from the anesthetized animals were harvested between 3 and 10 min or 30 min after injection. These times were chosen after preliminary studies showed that the distribution of soluble molecules was complete in lymph nodes that had been excised and immersion fixed within 2 min of the injection. For 4-h time points, animals were anesthetized for injection and then again for harvest. The superficial cervical, brachial, axillary, inguinal, and popliteal lymph nodes were harvested (a total of 14 lymph nodes per animal). The distribution of each soluble molecule was examined in the lymph nodes of three or more mice, each mouse on a different occasion. In a typical experiment, five mice were used where four mice were injected, each with a different soluble molecule. The lymph nodes from those four mice were compared with that of the fifth mouse, which acted as the control. Note that B10.BR mice (The Jackson Laboratory) were used for the HEL-FITC distribution studies.
Dextran Distribution after Lymph Node Enlargement due to Vaccinia Viral Infection
Vaccinia virus is a member of the poxvirus family that causes a rapid and dramatic increase in draining lymph node size after in- fection. Vaccinia virus stocks (WR; ‫ف‬ 2 ϫ 10 8 PFU/ml) were sonicated and ‫ف‬ 10 7 PFU were injected into the rear footpads of normal female C57BL/6 mice (Taconic Farms) in 50 l BSS/ BSA. 8 h after injection of virus, at which point no observable inflammation at the site of injection had occurred, a combined solution of Texas red-labeled dextran (10 kD) and fluoresceinlabeled dextran (70 kD), 5 mg/ml each, was injected into the rear footpads of both virus-injected and control mice. 5 min after dextran injection, the mice were killed by cervical dislocation and the popliteal lymph nodes were removed and immersion fixed .
Lymph Node Preparation and Sectioning
After excision, draining lymph nodes were immediately placed in freshly made 4% paraformaldehyde/0.1% glutaraldehyde in 10 mM morpholine propane sulfonic acid (MOPS)-buffered Ringer's solution (pH 7.4; room temperature for 1-2 h, then 4 Њ C overnight). Fixed lymph nodes were washed in PBS for 30 min and blotted. Fixed or fresh lymph nodes were positioned in moulds filled with OCT (Baxter), then frozen in an isopentane/dry ice bath. Lymph nodes were sectioned (10 m) on a Cryostat microtome. The orientation of the nodes in the moulds resulted in sections in a vertical plane in relation to the hilar blood vessels (36) . This orientation of the nodes created the greatest number of sections in parallel to the reticular fibers in the lymph node cortex. Sections on slides were rehydrated in PBS and coverslipped with Fluormount (Southern Biotechnology Associates, Inc.).
Histochemistry and Immunocytochemistry
The reticular network in lymph node sections was stained using the Gomori reticulin stain (37) , as detailed by Mallory (38) , and the chemicals were obtained from Sigma-Aldrich.
To determine the relationship of B cells and HEL-FITC in lymph nodes after subcutaneous injections of HEL-FITC, lymph node sections were topically stained with anti-mouse CD45RA/ B220-Cy-Chrome. In brief, fixed lymph node sections (10 m) were dried on microscope slides for 1 h, then rehydrated and washed with PBS and PBS/0.1% BSA for 5 min each. The sections were incubated for 30 min with anti-CD45RA/B220-CyChrome (1:100) in PBS/0.1% BSA, followed by three washes with PBS/0.1% BSA then PBS alone, and coverslipped.
To select lectins that label both lymphocytes and reticular network, a panel of lectins was studied on fresh-frozen sections of mouse lymph node. Sections were rehydrated, lectin applied, incubated for 30 min, washed three times, fixed, and coverslipped.
To examine the location of lymph-borne dextran in relation to the reticular fibers and fibroblastic reticular cells, fixed sections of draining lymph nodes, after a subcutaneous injection of Texas red-labeled dextran (10 kD), were topically labeled with the lectin, WGA-FITC (10 g/ml). The sections were manipulated as described above for labeling with CD45RA/B220.
Controls included fresh-frozen or fixed-frozen lymph node sections as needed.
Microscopy and Image Processing
Reticulin stains of lymph node sections were examined using a ZEISS AxioPlan2 microscope, and differential interference contrast (DIC) images were obtained with a Spot-2 CCD camera. Micrographs of the location of HRP/diaminobenzidine reaction in relation to the reticular fibers were obtained by TEM (AEI 801 electron microscope; Philips). Images of the distribution of fluorophore-labeled molecules in lymph node sections were collected using the ZEISS 410 confocal laser scanning microscope. These images are compiled projections of 30-40 optical sections. Threedimensional images were compiled and rotated using Imaris software.
Results
In General, Lymph-borne Molecules Do Not Percolate through Lymph Node Vortex. We have studied the distribution of a diverse set of fluorophore-labeled molecules in draining lymph nodes after subcutaneous injections in both rats and mice. Two distinct patterns of distribution of soluble, lymph-borne molecules in the lymph nodes were observed ( Fig. 1 ). All fluorophore-labeled molecules reached the draining lymph node and could be seen in the subcapsular and medullary sinuses. The entry of soluble molecules from the subcapsular sinus into the cortex was dependent on (Fig. 1 A) . Conversely, low MW molecules highlighted the reticular network and HEVs in the T cell-dependent areas of the lymph node cortex ( Fig. 1 B) , whereas little fluorescence was detectable between lymphocytes in the T cell cortex. Fig. 1 C gives an overview of the effect of molecular size on distribution in the lymph node, and all molecules studied, with their distributions listed in order of their molecular size in Table I . High MW Molecules Excluded from the Cortical Parenchyma of the Lymph Node. Fluorophore-labeled dextrans (3-2,000 kD) were used as soluble tracers to test the effect of size on soluble molecule distribution in the lymph node. The high MW dextrans, 2,000 and 500 kD (16-and 11.7-nm hydrodynamic radius [MR]; Table I ), are similar in size to colloidal carbon (with molecular diameters reported as 20-70 nm [39] , and 35-45 nm [22] ). Like carbon, these dextrans were easily detectable in the subcapsular sinuses (Fig. 2 A, 500 kD shown) and medullary sinuses (not shown). This distribution was also typical for 70-kD dextran (5.5-nm MR; Fig. 3, A and B) . However, all three of these differently sized dextrans were undetectable in the lymph node cortex.
IgG is similar in molecular size to 70-kD dextran (5.34-vs. 5.5-nm MR, respectively), yet it is globular in shape, unlike dextran, which has an extended conformation. The distribution of FITC-labeled mouse IgG was similar to 70-kD dextran in that it filled the subcapsular and medullary sinuses with minimal penetration into the cortex (not shown). To be certain of the distribution of IgG, both anti-mouse and anti-rat MHC class I antibodies were used as "cumulative" markers in mice and rats, respectively. Our intent was that if the anti-MHC class I antibodies gained access to the cortical parenchyma, they would bind any class I-bearing cell they came into contact with and therefore would be a record of access. The class I antibodies were easily detected in the subcapsular and medullary sinuses. However, in our studies, lymphocytes in the cortical microenvironments, which express class I molecules on their surfaces, were unlabeled with antibody, suggesting that lymph-borne antibody did not have access to the cortex (Fig. 2 B) . These observations suggest the existence of a barrier that can limit percolation of both proteins and polysaccharides from lymph into the parenchyma of a draining lymph node.
Since LPS is a microbial product with profound effects on cellular immune responses, the accessibility of LPS to cells within the draining lymph node after administration in the footpad was studied. The monomeric form of LPS is 3.4 kD; therefore, the distribution might be expected to resemble that of low MW molecules. In fact, LPS-FITC was primarily detectable in the subcapsular and medullary sinuses, in a staining pattern similar to those observed after injection of high MW tracers (Fig. 2 C) . This may be accounted for, in part, by physiological aggregation of LPS monomers into micelles with MW Ͼ 100 kD (40) . The exclusion of LPS is efficient but not always absolute. The image shown was chosen specifically to show a rare area of intercellular accumulation in the cortex below the subcapsular sinus.
Low MW Dextrans and Proteins Gained Access to the Cortex but Primarily Highlighted the Reticular Network and HEVs in the Interfollicular
Regions. In contrast to the limited distribution of high MW molecules, low MW dextrans (3, 10, and 40 kD) arriving at the lymph node via lymphatics gained entry into the cortex, but only in a very defined manner. The dextrans highlighted distinct structures in the cortex (Fig. 3, A and B ) that appeared identical to the reticular network stained by the Gomori silver stain for reticulin (Fig. 3 C) . Note that both Gomori stain and dextrans highlight fibers that cross the subcapsular sinus, extend beyond the floor of the subcapsular sinus into the cortex, and connect to the HEVs. In addition, there are fibers that appear to begin at the floor of the subcapsular sinus and dive into the cortex and may also connect to HEVs. Texas redlabeled dextran (70 kD) was coadministered with the low MW dextrans and remained in the subcapsular sinus (yellow), indicating that 70-kD dextran exceeded a threshold for penetration into the parenchyma (Fig. 3, A and B) . Subcutaneous injection of FITC-labeled dextran (70 kD) combined with Texas red-labeled dextrans (3 and 10 kD) resulted in a similar distribution, suggesting that charge was not an issue (data not shown). Upon examination at higher magnification (Fig. 3 D) , fluorophore-labeled dextran (10 kD) appeared to trace an intricate woven pattern around the HEVs and continued between high endothelial cells and into the lumen itself. It is likely that the dextran is following the reticular fibers, which interweave with the extracellular matrix between the fibroblastic reticular cells that enwrap the HEVs and also with the basement membrane of the high endothelium (29, 41) .
Fluorophore-labeled, low MW proteins distributed in the cortex like the low MW dextrans, primarily associated with the reticular network and HEVs (Table I) . Fig. 4 , A and B, show the distribution of the widely used immunogens, HEL and OVA, in mouse lymph node. Interestingly, unlike 70-kD dextran, 68-kD BSA highlighted fibers and HEVs in the cortex (not shown here [28] ). However, despite the similarity in MW, the molecular radius of albumin is actually much smaller than 70-kD dextran (3.6 vs. 5.5 nm, respectively). Therefore, the barrier to entry into the lymph node cortex may be defined to a greater extent by molecular radius than by absolute MW.
Lectin Tracer Demonstrates Movement Is from Subcapsular Sinus towards HEVs. In these studies, we used fluorophorelabeled lectins with low MWs (Table I ) to clarify two issues. First, the fluorescent signal of lymph-borne, low MW molecules was strongest in the subcapsular and medullary sinuses, followed by that in the fibers of the lymph node cortex. The arrival of the fluorophore by afferent lymphatic into the subcapsular sinus suggested that the direction of movement through the reticular network was in the direction from subcapsular sinus to HEV. However, most tracers in our hands distributed within the lymph node too rapidly to record the direction. As the reticular network spans between the subcapsular sinus and medullary sinus, we thought it was important to verify the source and direction of lymph-borne material through the network. Second, a dim fluorescence between lymphocytes in the cortical parenchyma was often visible, especially just below the floor of the subcapsular sinus. To determine the extent of soluble molecule penetration into the lymphocyte environment, we wanted markers that would bind to the cells and be retained rather than be dependent on fixation of the markers in place. Lectins that bound both lymphocytes and the reticular network upon topical application on fresh-frozen lymph node sections included WGA, LCA, and PSA-FITC (Fig. 5 A) . Therefore, these three lectins were studied as lymph tracers like the other molecules studied thus far. When administered via footpad, the distribution pattern of the lectins was distinctive and informative. Again, like the other low MW tracers, the fluorescence signal of FITClabeled lectin was in the subcapsular and medullary sinuses as well as in fibers descending from the subcapsular sinus (PSA-FITC; Fig. 5 B) . Intercellular fluorescence in the cortex was very low in intensity and only visible just below the subcapsular sinus for a distance of two to three cell diameters. There appeared to be no difference between the lymph nodes taken at 5 and 30 min after the subcutaneous injection in intensity or distance of penetration of the intercellular fluorescence. This confirmed that access of lymphborne material to the lymphocytes of the cortical parenchyma was restricted.
FITC-labeled lectins filled both the subcapsular and medullary sinuses as well as highlighted fibers and HEVs near the floor of the subcapsular sinus. However, unlike other tracers, the fibers and HEVs in the deeper cortex were devoid of FITC-labeled lectin, regardless of whether the draining lymph nodes were removed 3 or 30 min after subcutaneous injections. Such partial penetration of the lectins implies a unidirectional movement of tracers within the reticular network from the subcapsular sinus to the HEVs.
Tracers Found within Reticular Fibers. To determine the relationship between tracer molecules and reticular fibers, lymph node sections were examined by confocal microscopy and TEM (Fig. 6, A-D) . Fig. 6 A shows the distribution of 10-kD dextran (Texas red labeled) in a rat lymph node. Four large fibers (red) descend perpendicularly into the parenchyma from the floor of the subcapsular sinus (Fig. 6 A, top) . These fibers intersect with a capillary that parallels the floor of the subcapsular sinus, showing intimate connectivity with the vascular system. In addition, the fibers are outlined by a fine green surface stain, FITClabeled WGA, consistent with the expected fibroblastic reticular cell outline. In cross-section, both fibers appear filled with the Texas red-labeled dextran and are bounded by WGA, suggesting a reticular cell outline (Fig. 6 B) . In Fig. 6 C, a fiber bounded by fibroblastic reticular cells courses diagonally across the image between two lymphocytes in a rat lymph node. Comparison of the electron density of the fiber to a fiber in a control lymph node from the same experiment demonstrates the abundance of HRP in the fiber after intralymphatic injection (Fig. 6, C and D) . These studies indicate that lymph-borne material traffics through the reticular fibers.
Particulate Accumulation of High MW Tracer in Cortex after, Not during, the Initial Bolus of Soluble Tracer in Subcapsular
Sinus. As shown previously, high MW dextran (green) administered subcutaneously arrived rapidly ( Ͻ 5 min) in the subcapsular and medullary sinuses and was not detectable in cortex (Fig. 7 A) . To determine if the distribution changed, we extended our time sequence to 30 min and 4 h. At 30 min, the signal for dextran was noticeably lower in subcapsular sinus (compared with 5 min) but still high in medulla with no apparent signal in cortex (Fig. 7 B) , consistent with transit of the majority of dextran through lymph node as a short-term bolus. At 4 h, the dextran (green) could be seen in both the subcapsular sinus and cortex but with altered characteristics (Fig. 7 D) . There were high intensity particulate accumulations of dextran in both the subcapsular sinus and cortex, consistent with intracellular accumulation in phagocytic cells (e.g., dendritic cells and macrophages). For the 4-h time point, a low MW dextran (10 kD, Texas red, red) was injected subcutaneously, 10 min before lymph node removal for both contrast and frame of reference, as it has been shown to highlight the subcapsular and medullary sinuses and the reticular network (Fig. 7 D, red) . Note that the particulate 4-h accumulated tracer in cortex (green) does not overlap with the 10-min accumulated tracer highlighting the reticular network (red). However, in medulla, the signals for both dextrans overlap (Fig. 7 D,  yellow) . Thus, medullary accumulation is consistent with acute uptake from the early bolus of soluble material, whereas cortical uptake is not. Instead, the lag between the original bolus (0 h) and cortical accumulation (4 h) suggests cortical accumulation is from another source, perhaps cellular uptake in tissue.
Rapid Enlargement of Lymph Node due to Viral Infection Had No Effect on Dextran Distribution.
The distribution of dextrans and proteins in the lymph node indicated a functional barrier limiting entry of soluble molecules into the parenchyma. However, the lymph node is a dynamic lymphoid compartment, affected dramatically by inflammatory stimuli. To test whether inflammatory stimuli, such as those generated during infection, affected transport of lymphborne solutes, we tested whether the barrier remained intact during a vaccinia virus infection. Vaccinia virus is a poxvirus known to induce both a large inflammatory response and a dramatic increase in the number of lymphocytes in the lymph node. The weights of lymph nodes, 8 h after injection of modified virus, increased by 41% over that of similar controls (1.2 Ϯ 0.1, n ϭ 3, and 1.7 Ϯ 0.2, n ϭ 5; mean Ϯ SD), demonstrating a marked increase in size of the node. Yet distribution of dextrans was the same in lymph nodes from control animals (Fig. 8 A) and those infected with vaccinia virus (Fig. 8 B) . Fluorescein-labeled dextran (70 kD) highlighted the sinuses but was excluded from the parenchyma, whereas Texas red-labeled dextran (10 kD) selectively decorated fibers and HEVs in draining lymph nodes. Therefore, the pattern of tracer distribution did not change, despite dramatic changes in lymph node size and cellularity during early viral infection.
Lymph-borne Chemokines Gained Access to HEVs via Reticular Network Conduits. After we had established the distribution of low MW molecules, e.g., dextran (10 kD), lactalbumin, and HEL, we could finally confront the enigma that prompted the initiation of these studies: the unexpected localization of chemokines (8-10 kD) on the luminal surface of the HEVs. Therefore, we studied the distribution of fluorophore-labeled chemokines following footpad injection. MIP-1␣, IL-8, and RANTES (FITC and Cy5) each distributed in a similar pattern to the other low MW molecules. Fig. 9 illustrates results for MIP-1␣-FITC, which was representative of the three chemokines. Fluorophorelabeled chemokine was visible in the subcapsular, cortical, and medullary sinuses. In the T cell-dependent areas, fluorophore-labeled chemokine was visible in the reticular network and around HEVs with little detectable chemokine intercellularly between lymphocytes. Thus, chemokines injected subcutaneously moved rapidly to the HEVs of the draining lymph node via the reticular network. 
Discussion
These studies have two distinct functional implications regarding the access and delivery of lymph-borne soluble molecules to the cortex of a draining lymph node. First, penetration of lymph-borne, soluble molecules into the cortical parenchyma, an area where T cell-APC interactions occur, is restricted. Second, low MW, lymph-borne, soluble molecules move rapidly through the lymph node cortex to the HEVs via a remarkable anatomic network, thus assuring access of chemokines and other soluble mediators to the HEVs.
It is generally accepted that lymph flows into the subcapsular sinus of the draining lymph node, through to the medullary sinus, and exits the lymph node at the hilum as efferent lymph. In addition, some studies suggest that a portion of lymph leaves the subcapsular sinus and percolates through the lymph node cortex (14, 16) . Percolation is conceptually appealing, as it would assure access of soluble factors to lymphocytes and APCs, as well as stromal and other immune cells in the cortex, and therefore directly contribute to the immune response. The possibility of percolation is further supported by studies of the subcapsular sinus floor using electron microscopy. The physical structure across which soluble molecules would have to move is composed of extracellular matrix sandwiched between sinus endothelium on the floor of the sinus and fibroblastic reticular cells facing the cortex (23, 24) . Some, but not other electron microscopic studies indicate pores or gaps in one or the other cell layers of the floor of the subcapsular sinus (23, 24, 26, 27, 42) . Anatomic evidence notwithstanding, our functional data strongly indicated that there was a functional barrier that restricted "percolation" of soluble, lymph-borne molecules into the cortex.
The efficiency of the barrier depended on the size of the lymph-borne molecules. High MW tracers appeared to be virtually excluded (Fig. 2) ; as high MW tracer was abundant in subcapsular sinus but absent in adjacent cortex, this demonstrated that the floor of the subcapsular sinus that separates subcapsular sinus from cortex was an efficient functional barrier for high MW material. In contrast, for low MW tracers the exclusion was partial, not absolute. Specifically, there was detectable tracer in the cortex, on occasion, seen as faint outlining of lymphocytes within the parenchyma (e.g., Figs. 3 and 4) . That signal, when observed, was at a level several-fold weaker than adjacent subcapsular sinus or reticular network; any detectable cortical signal was generally evident subjacent to the subcapsular sinus with less or no signal in the deep cortex. A limit to the protection of the cortical parenchyma by this functional barrier is demonstrated by the free movement of very small molecules such as tritiated uridine ‫053ف(‬ daltons; reference 43) and acridine orange (302 daltons; our data not shown) throughout the cortex.
Restricted access of lymph-borne material to cortical parenchyma would not only preserve the milieu of lymphocyte microenvironments, but also protect the lymphocytes from a potentially varied collection of lymph-borne substances. This would be especially advantageous with those substances that would adversely influence an immune response occurring within the cortex. For example, during microbial infections, this barrier may be important for exclusion not only of the microbes themselves, but also of their soluble products, which can perturb immune responses. Our findings of microbial LPS in the subcapsular and medullary sinuses, rather than in the cortex, illustrated such exclusion. The adaptability of the lymph node and this functional barrier became evident during an induced viral infection with vaccinia virus. The increase in lymph node weights 8 h after injection of vaccinia virus, compared with similar controls, suggested that the surface area of the floor of the subcapsular sinus had increased by ‫.%03ف‬ However, the distribution of fluorophore-labeled dextrans did not change, demonstrating that this functional boundary remained intact even in the event of acute enlargement of the lymph node during viral infection. Thus, this functional barrier may isolate the cortex from a potentially varied collection of substances, which would impair the immunological response. On the other hand, this functional barrier will limit the ability of APCs already in the cortex to acquire lymph-borne antigen. The timing and pattern of accumulation of high MW tracer within cortex (Fig. 7) fits the interpretation that delayed (4 h) appearance of tracer in cortex may be due to cellular uptake in the periphery rather than cellular uptake in the draining lymph node. The attenuation of uptake of low MW molecules by cortical-resident APCs will be quantitative not qualitative, as the restriction of tracer entry is relative and not absolute; consequently, its relevance would be greatest for immune challenges in which antigen concentration is limited.
Existence of the barrier discussed above poses a problem, as it would restrict access of lymph-borne material to HEVs, which are all located exclusively within the cortex. Nevertheless, even with this barrier in place, soluble tracers find their way to the HEVs. Previous studies show that rather than the diffuse distribution of soluble molecules as expected for percolation through the cortex, the proteins BSA-FITC, HRP, and Ig-FITC highlight the reticular network and HEVs in the cortex (22, 28) . In our studies, we found that in addition to HRP and BSA-FITC, several other molecules comparable in size distributed in a similar fashion (Table I) . However, in our results, IgG-FITC remained in the sinuses in both rats and mice, much like dextran (70 kD), suggesting that molecules above a certain threshold in size are excluded from not only the lymphocyte environment but also the reticular network. The cutoff for access to the reticular network was a molecular diameter between 7.2 and 10.7 nm, as demonstrated by the respective distributions of BSA and IgG. Preferential access to the reticular network relative to the lymphocyte environment continued to be demonstrated with smaller molecules, such as ␣-lactalbumin, 3-kD dextran (4-and ‫-2ف‬nm molecular diameter, respectively), and chemokines.
The direction of flow of lymph through the lymph nodes of rats and mice is from the afferent lymphatics into the lymph node subcapsular sinus, and from there through the medullary sinus and out through the efferent lymphatic vessel. Therefore, it was logical that the direction of movement of lymph-borne material through the reticular network would be from subcapsular sinus to HEVs (28) . However, the reticular fibers often extend from there to the medullary sinus; therefore the medullary sinus could, in theory, be a source of lymph for passage through the reticular network. Sainte-Marie and Peng (28) show a gradient of BSA from subcapsular sinus to HEVs. We confirmed that the direction of movement of lymph-borne material was from subcapsular sinus towards HEVs through the reticular network by using FITC-labeled lectins as lymphborne tracers. The penetration of the lectins through the network was never as complete as other proteins, regardless of whether the draining lymph node was removed 3 or 30 min after subcutaneous injection. Nonetheless, the penetration through the reticular network always started at the subcapsular sinus despite the presence of lectin in the medullary sinus. The limited movement of the lectins through the reticular network may be due to interactions with proteoglycans and glycosaminoglycans (GAGs) associated with the collagens of the reticular network (44) .
The movement of tracer molecules through the conduits is most consistent with bulk flow of water and tracers via the conduits. It is remarkable that bulk flow occurs along conduits, given that the hydrostatic pressure is low in afferent lymph, and that there is little resistance to its outflow via sinuses to the efferent lymphatics. These considerations argue that there must be special mechanisms which give rise to the transport observed. Three kinds of special mechanisms may be involved. (a) Active transport at the floor of the subcapsular sinus. Compton and Raviola (45) noted that there is an extraordinary abundance of vesicles in the sinus lining cells, so much so that a role in transport was considered but discounted because no transport across this barrier was expected. (b) Pressure source from fenestrated capillaries. Fenestrated capillaries intersect with reticular fibers just below the floor of the subcapsular sinus. Intravas-cular injections of HRP have been shown to enter the reticular network with a decreasing gradient extending from these sites (22) . Thus, fenestrations could allow fluid movement from the capillary into the conduit, providing additional hydrostatic pressure to drive flow towards the lower pressure in the venous system. (c) Active transport at the site of HEV outflow. Antal Rot and coworkers (46, 47) have demonstrated vesicular transport of chemokine from the abluminal to luminal surface of the venular endothelium. A combination of these three mechanisms probably gives rise to the tracer movement observed. Fluid volume transported by vesicle traffic would probably be insufficient to account for the observed rate of flow via the conduits. However, vesicular transport of tracer, coupled with bulk flow driven by fenestrated capillaries, might be sufficient.
Fluid movement along collagen fibers occurs in the interstitium of other tissues (48) (49) (50) (51) (52) (53) . Reticular fibers in the lymph node are distinctive in that each fiber is ensheathed by fibroblastic reticular cells (30) . Therefore, each fiber is in an extracellular space distinct from the interstitial space of the parenchyma and continuous with the fibers in the floor of the subcapsular sinus and those enwrapping the HEVs (23, 29) . Both Rinehart (54) and Moe (23) hypothesized that fluid movement might be directed along these fibers. Anderson and Anderson (22) and Sainte-Marie and Peng (28) showed preferential localization of several tracers along reticular fibers in rat lymph nodes between the subcapsular sinus and the HEVs, which are confirmed here. By extending the studies into the mouse with a wider range of tracers, we have revealed that molecular size was a factor in the access of lymph-borne soluble molecules to the reticular network. Both confocal microscopy and TEM confirmed that the tracer was localized within the reticular fiber rather than outside the ensheathing fibroblastic reticular cell. Thus, fluid movement within the reticular network in lymph node is a special case of the more general biological strategy of fluid movement along collagen fibers.
These findings may also have implications for B cell acquisition of antigen in lymph nodes. At the HEVs, low MW lymph-borne material arriving via the reticular network filled the perivenular channel and interendothelial spaces, i.e., between the endothelium and the layers of fibroblastic reticular cells enwrapping the HEVs and between the high endothelial cells. Incoming lymphocytes migrate through these spaces on their way from the HEV lumen to the cortical parenchyma. At this point, lymphocytes are bathed in the low MW lymph-borne molecules that arrive via the reticular network. This may then be a site where antigen-specific B cells could capture their soluble antigen and carry it with them into the cortex for presentation to T cells. In this context, it may be noteworthy that most "model antigens" like HEL and OVA are small enough to move through the reticular network to the HEVs.
Soluble mediators appear to be important for the phenotype of HEVs and the migratory events that occur there. SLC expressed by high endothelium promotes adhesion and chemotaxis of lymphocytes in lymph nodes (8, 55, 56) .
In addition, the specificity of chemokines for leukocyte subpopulations suggests that chemokines immobilized on endothelial glycocalyx may be involved in selective recruitment of leukocytes at postcapillary venules in general, and HEVs in particular (4, (57) (58) (59) ). An additional layer of selectivity and specificity lies with the interaction of chemokines to GAG subgroups in the endothelial glycocalyx or extracellular matrix (60) (61) (62) (63) . Therefore, the endothelial expression of GAGs luminally and abluminally plays an additional role in leukocyte recruitment. The access for chemokines draining from insulted tissue to the HEVs via the reticular network provides a means for additional recruitment. In addition, onset of such affects would occur rapidly after such soluble molecules were released from the draining tissue, but could be sustained as long as such molecules were being released. Moreover, inflammatory cytokines such as IL-1, TNF, and IFN-␥, which regulate intermediate and longterm endothelial phenotype (e.g., their expression of intracellular adhesion molecule [ICAM]-1 and vascular cell adhesion molecule [VCAM]-1 involved in leukocyte recruitment), could also reach the HEVs via this route (64, 65) .
Our studies showed that chemokines travel through the reticular network to HEVs, thus providing an explanation for chemokine on the luminal surface of an HEV that does not produce it (4, 8) . A diverse group of molecules are likely to travel to HEVs via this route in vivo, including a variety of soluble mediators that could be physiologically important both abluminally and luminally at the HEVs. Therefore, the reticular network is positioned to play an important role in the orchestration of lymphocyte recirculation and immune responses by acting as a conduit for the delivery of small, lymph-borne molecules, including antigens and chemokines, from subcapsular sinus to HEVs.
